[1] We investigated the influence of hydrodynamic forcing (waves, tides, alongshore currents and winds) and net calcification by coral reef organisms on the spatial distribution of total alkalinity (TA) in a fringing reef system through a combination of field measurements and numerical modeling. A field experiment was conducted over 10 days in Coral Bay (Ningaloo Reef, Western Australia) during which we measured wave heights, currents, and tides as well as the spatial distribution of TA across the fore reef, reef crest, and lagoon. We used observed changes in TA on the adjacent reef flat, along with synoptic measurements of cross-reef transport, to estimate in situ rates of net calcification (g cv ) using a control volume approach. Based on the g cv estimated, we simulated light-driven, diurnal variations in benthic net calcification within a three-dimensional ocean circulation model, ROMS (Regional Ocean Modeling System). By coupling ROMS with a spectral wave model (Simulating Waves Nearshore), we were able to simulate currents within Coral Bay reef-lagoon system that were in good agreement with the field observations and demonstrate that circulation with the system was wave-dominated. Both the field measurements and numerical model output confirmed that both residence time (t R ) and TA varied primarily with offshore wave heights and location within the bay. However, variations in TA were also affected by the nonlinear interaction between rates of net calcification that varied as a function of diurnally changing light and water residence time that varied as a function of offshore wave heights.
Introduction
[2] Calcification is the process by which marine organisms synthesize skeletal material through the controlled precipitation of calcium carbonate minerals. There has been widespread concern that calcification rates in reef communities will decline due to human-induced changes in climate [see De'ath et al., 2009; Hoegh-Guldberg, 1999; Kleypas et al., 1999; Silverman et al., 2007] . Increased ocean warming is expected to have the biggest negative impact on coral communities through increasingly frequent and severe bleaching events [Hoegh-Guldberg, 1999; Hoegh-Guldberg et al., 2007; Hughes and Bellwood, 2002] . In addition, rates of coral calcification are predicted to decline by between 0 and 85% from pre-industrial rates just from the effects of increasing pCO 2 on seawater carbonate chemistry alone [see Kleypas et al., 2006] . These estimates vary widely according to experimental design and anticipated future climate scenarios. The vulnerability of reef calcifiers to increasing pCO 2 has been shown to vary with taxa as well [Fabricius et al., 2011; Ries et al., 2009] . Coral reefs consist of highly diverse mixtures of organisms spanning a broad range of taxa [Bellwood and Hughes, 2001; Hughes and Bellwood, 2002; Roberts et al., 2002] , many of which rely on calcification to grow (e.g., corals, algae, mollusks). Given the present uncertainties in predicting future climate scenarios, as well as in the response of mixed reef communities, there is an urgent need for new approaches to monitor the real response of in situ calcification rates to changing environmental conditions; not just for individual coral colonies or algal fragments, but for entire reef systems.
[3] One of the more common methods used to estimate rates of calcification is from changes in the buoyant weight of coral and algal fragments [e.g., Anthony et al., 2008; Bates et al., 2010; Davies, 1989; Marubini and Atkinson, 1999; Reynaud et al., 2003] . Unfortunately, scaling up measurements made on individual colonies and fragments to entire reef communities or reef systems can result in substantial uncertainties due to error propagation in estimates of 1 bottom community type, morphology, biomass per area, and metabolic performance. Furthermore, while this method can be used to quantify the growth of individual species, the behavior of a few select coral and algal species do not necessarily reflect the behavior of a reef community or reef system as a whole. Prior investigators have calculated in situ rates of net calcification for whole reef communities (community calcification rates) based on changes in total alkalinity (TA) using both Eulerian and Lagrangian approaches [Barnes and Devereux, 1984; Falter et al., 2012; Gattuso et al., 1996; Shamberger et al., 2011; Smith, 1973] . Most of these measurements have been limited to reef flats where the flow dynamics and morphology of the reef are relatively simple and the shallow depths provide for measurable changes in water chemistry over several hundred meters. However, not all shallow reef environments meet these criteria [see Falter et al., 2008; Gattuso et al., 1996] ; for many the depth is still too great, the flow of water is too fast, or the metabolism of the community is simply not strong enough to derive robust estimates of in situ net community calcification.
[4] For large reef systems (several km or more), rates of system net calcification (gross calcification minus dissolution, G net ), have been estimated from the change in TA relative to some reference water mass (DTA) and from the residence time (t R ) of water within that area [Bates et al., 2010; Broecker and Takahashi, 1966; Silverman et al., 2007; Smith and Pesret, 1974] , i.e.,
where h is the average depth of the reef system. The 2 in the denominator indicates that for every molecule of CaCO 3 produced two equivalents of TA are consumed. The advantage of working at these larger scales is that the residence times are generally longer which, in turn, result in much more substantial changes in water chemistry. However, the downside is that residence times within shallow coastal systems can vary from hours to weeks and even to months depending upon the location within the system, system morphology, offshore wave conditions, and tides [Hearn and Parker, 1988; Jouon et al., 2006; Kraines et al., 1998; Lowe et al., 2010 Lowe et al., , 2009 . Furthermore, most estimates of bottom fluxes derived from calculations of water residence times assume that the water body within the system is completely mixed at all times (i.e., is homogeneous), whereas in real systems there can be substantial spatial variation in water chemistry due to different combinations of mixing, advection, and benthic metabolism. This makes it difficult to treat many natural reef systems as a uniform, homogenous 'box' reactor exchanging with a single external (ocean) water mass. Thus, while observed changes in water chemistry may be much more robust at larger spatial scales, the difficulty of deconvolving the influence of mixing and advection versus biological activity on local changes in water chemistry can result in rather large uncertainties in estimates of benthic metabolism.
[5] The development of three-dimensional hydrodynamic numerical models over the past few decades have provided us with an increasingly powerful and flexible tool to predict circulation in real, complex reef systems driven by waves, tides and winds [e.g., Tartinville et al., 1997; Torréton et al., 2007] . These models divide complex coastal or reef domains tens of km in size into hundreds of thousands to millions of smaller grid cells tens of m in size with each cell representing an individual water mass. Mixing and advection between these cells are calculated based on adjacent physical forces, while potential changes in water chemistry are governed by specified local rate kinetics. In essence, these models are a computational extension of the same approaches that have been developed to estimate benthic fluxes on reef flats over the past 60 years. By prescribing inert numerical tracers (or particles) and observing their transport and dispersal, the spatial distribution of residence times can be computed under time-varying hydrodynamic forcing [Jouon et al., 2006] . Reactive numerical tracers can also be added in these models to simulate the changes of important water quality parameters such as TA or nutrients [Zhang et al., 2011] . Therefore, by using these numerical models, investigators can examine the more robust changes in water chemistry occurring over larger areas of benthic activities regardless of the flow condition and benthic morphologies. A further advantage of these models is that they can be used to test the sensitivity of residence times and water quality to select variations in the forcing or to the morphological characteristics of a given system simply by changing selective inputs to the model.
[6] The first objective of this paper is to examine the spatial patterns of water circulation being driven by waves, tides, winds and alongshore currents in a real reef-lagoon system (Coral Bay, Ningaloo Reef, Western Australia) in order to develop a calibrated hydrodynamic model of this system. The second objective is to quantify the specific influence that winds, waves and tides have on local water residence times as a function of location within the system. The final objective is to examine the influence that these hydrodynamic forces and varying benthic cover have on the spatial distribution of TA within the system under diurnally varying rates of net calcification. Testing the forward coupled model we develop here and identifying the key processes controlling residence time and TA within this reef-lagoon system represent the first and essential step toward a longer term goal: deriving rates of net calcification in reef systems from observed changes in TA and modeled circulation.
Methods

Study Site
[7] The study site chosen was Coral Bay (Figure 1a ), a fringing coral reef-lagoon system in the southern part of Ningaloo Reef on the northwest coast of Australia (23.08′S; 113.45′E). Circulation on the continental shelf adjacent to Ningaloo can be influenced by two effects: the Leeuwin Current which flows southward (strongest in winter) and transient northward wind-driven flows on the inner shelf occurring year-round . The detailed dynamics of the circulation at Coral Bay have never been studied; however, a few field studies have focused on the hydrodynamic processes occurring in a section of Ningaloo Reef $100 km north at Sandy Bay. These studies have demonstrated that the depth-averaged currents in Sandy Bay (and likely most of the nearshore Ningaloo Reef region) are dominantly wave-driven [Hearn and Parker, 1988; Taebi et al., 2011] ; that is wave breaking on the reef crest drives flow across the reef flat toward the shore, into the lagoon, and back out channels in the reef. Coral Bay has two major channels where water flows out of the lagoon: a channel near Point Maud to the north of the lagoon, and False Passage dividing the reef to the east of the lagoon (Figure 1b) . Coral cover throughout Coral Bay is extensive, ranging from around 40% inside the lagoon to nearly 90% at the outer reef margin, and is populated mainly with species from the genera Acropora and Montipora [Cassata and Collins, 2008; Simpson et al., 1993] . This makes it an excellent location for studying the interaction of hydrodynamic forcing and coral metabolism on the chemistry of its reef waters.
Field Experiment
[8] A field experiment was conducted in Coral Bay between 4 and 14 July 2010. A 1 MHz Nortek AWAC current profiler/directional wave gauge was deployed at 10 m depth on the fore reef, which measured current profiles over the water column with 0.5 m vertical bins every 5 min (see site S1 in Figure 1b) . Hourly directional wave spectra were also computed with the AWAC, from raw time series of velocities and water surface fluctuations collected using acoustic surface tracking. The resulting wave spectra were used to calculate significant wave heights H s , peak periods T p , and peak wave directions D p . On the reef flat (1-2 m depth), a 2MHz Nortek Aquadopp profiler (ADP) measured current profiles with 0.1 m bins every 15 min (see site S2 in Figure 1b) . A 600 kHz RD Instruments ADCP was also deployed in the center of the northern channel (site S6) and measured current profiles continuously every 15 min using 0.3 m vertical bins. All of the raw current profile time series were depth-averaged and then time-averaged on a common half-hourly time interval. To identify the dominant flow directions and magnitudes, these data were rotated into the principal component axes of the velocity variance [Emery and Thomson, 2004] . Downwelling planar PAR (Photosynthetically Active Radiation) at two different depths (10 m at S1 and 1.5 m at S2) were also measured at integrated 2-min intervals using a Li-Cor 192SA PAR sensor to establish first, a functional relationship between calcification and light and second, the depth-dependent attenuation of light. In addition to light, salinity was also measured at S2 for the duration of the study using an RBR inductive conductivity sensor attached to the same instrument logging the light data (RBR XR420-CTPAR). Wind speeds and directions were recorded half-hourly from a weather station on the Ningaloo coast north of the study site at Milyering (22.03S, 113.92E), maintained by Australian Institute of Marine Science.
[9] Water samples were collected at different times of day between sunrise and sunset (see Table 1 ) at the fore reef Currents were measured at S1, S2, and S6. Total alkalinity was measured at S1, S3, S4 and S5 as well as at the sites defining the reef flat control volume (CV1, CV2, and CV3). station (S1) and at three lagoonal stations (see sites S3, S4 and S5 in Figure 1b ) to validate the coupled hydrodynamicbiogeochemical model detailed below. Water samples were filtered in the field and analyzed within 24 h of being collected for TA according to the spectrophotometric method of Yao and Byrne [1998] . The error range for the measured DTA is from 0.2 to 3.0 meq kg À1 and the mean error is 1.0 meq kg À1 .
[10] We further measured rates of hourly net calcification (g cv ) within a triangular study area defined by three vertices (CV1, CV2, and CV3) on the reef flat centered around observation point S2 based on the 2-D Eulerian approach developed by Falter et al. [2008] (Figure 1c ). We refer to this area as a 'control volume' since we are measuring the non-conservative transport of a reactive compound (TA in this case) through the study area. Using this approach, rates of net calcification within the control volume (g cv ) can be calculated from the temporal changes in TA within the control volume ( ∂TA ∂t ), the spatial changes in TA across the control volume ( ∂TA ∂x and ∂TA ∂y ), and the volume transport of water through the control volume (q) in the cross-shore (x) and alongshore (y) directions, i.e.,
where ∂TA ∂x and ∂TA ∂y are calculated from measurements of TA made at each vertex of the control volume (see equations (7)-(10) from Falter et al. [2008] ). Water samples were collected at these three stations (CV1, CV2, and CV3 in Figure 1c ) one to three times a day during the daytime (see Table 2 ). The error range for the measured TA is from 0.1 to 2.1 meq kg À1 and the mean error is 0.7 meq kg À1 . Initial analysis of changes in TA within the control volume over several hours indicated that ∂TA ∂t was only À0.9 AE 0.9 meq kg À1 hr À1 (mean AE std. dev.). Given an average depth within the control volume of between just 1 and 2 m, this translates into an uncertainty in g cv of AE1 to AE2 mmol CaCO 3 m À2 hr À1 , or just 5-10% of the maximum daily rate ($20 mmol CaCO 3 m À2 hr À1 ). This error range is also consistent with prior measurements made further north on Ningaloo Reef at Sandy Bay [Falter et al., 2012] . Thus, for the present calculation of g cv we have neglected the time-dependent term ∂TA ∂t in equation (2).
Numerical Models
[11] We ran two sets of numerical simulations (Table 3 ). The first was designed to validate the hydrodynamic model through a series of hindcast simulations (i.e., replicating the 10 day field conditions) by comparing the measured currents with the simulated currents driven by waves, winds and tides observed during the field study. Hindcast simulations of the changes in TA across the domain were also compared with the observed TA distributions to validate the combined hydrodynamic-biogeochemical model. The second set of simulations was designed to investigate the response of residence time and deviations in TA at different locations within Coral Bay to variations in physical forcing and benthic metabolism, under different scenarios.
[12] The hydrodynamic processes in Coral Bay were simulated by a three-dimensional ocean circulation model ROMS (Regional Ocean Modeling System, version 3.2) [Shchepetkin and McWilliams, 2005] two-way coupled to a spectral wave model SWAN (Simulating Waves Nearshore, version 40.51) [Booij et al., 1999] , based on recent nearshore routines implemented in ROMS as described by Warner et al. [2008] . The simulation domain includes Coral Bay (Figure 1b) , the domain of interest where all measurement sites were positioned, Bateman Bay to the north ( Figure 1a ) and a section of reef and lagoon to the south of Coral Bay. Bathymetry in the model domain was interpolated from two sources: (1) high resolution hyperspectral imagery-derived bathymetry for the shallow regions (<8 m), with 3.5 m horizontal resolution and <10% RMS depth error [Taebi et al., 2011] and (2) The size of the model domain was 24.4 km east to west and 30 km north to south, mapped onto a grid of 488 Â 600 cells. The water column was divided into 4 vertical layers. A higher vertical resolution was not needed as the water column in the shallow reef area was well-mixed [Zhang et al., 2011] .
[13] SWAN was configured in non-stationary mode and the less important processes of local wind wave generation, nonlinear wave-wave interaction and dissipation due to white capping were turned off [Lowe et al., 2009] . Wave spectra were prescribed at the western (offshore) boundary 
ZHANG ET AL.: WAVE CALCIFICATION DRIVEN REEF CHEMISTRY C04034 C04034
as well as the offshore section of the northern and southern boundaries using time-varying significant wave heights, peak wave periods and peak wave directions, by assuming a standard JONSWAP (Joint North Sea Wave Project) frequency distribution, (g J = 3.3, s a = 0.07, s b = 0.09) and a cosine to the power 5 directional distribution. Due to wave transformations (e.g., frictional damping and depth-induced refraction) that could occur between offshore (deep water) and the fore reef station S1, significant wave heights assigned at the boundaries were 17% higher than those measured at S1, so wave heights were enhanced by this amount at the open boundaries. Wave directions set at the offshore boundaries were also changed by 10 to reproduce the directions measured at S1, and thus account for wave refraction that occurred between the open boundary and the fore reef (S1). Depth-limited wave breaking was modeled with a breaking coefficient of g = 0.7, a value typically used in reef systems [Hearn, 1999; Kraines et al., 1998; Lowe et al., 2009] , and a bottom friction factor f cw was calculated by a formulation given by Soulsby [1995] , assuming a typical hydraulic roughness of 0.02 m for coral reefs [Lowe et al., 2009] . The hydraulic roughness of 0.02 m corresponds to a physical roughness height of $0.5 m, which is similar to the in situ roughness heights measured in other reef systems [Falter et al., 2004; Lowe et al., 2005] . Test simulations with hydraulic roughness values ranging from 0.001 m to 0.05 m showed that this intermediate value of 0.02 m gave the most accurate prediction of currents at sites S2 and S6.
[14] Instead of simulating the real time-varying coastal alongshore current according to the measurement at S1, three scenarios of constant alongshore currents were applied: currents from north to south, currents from south to north, and currents turned off in the model, using the same ROMS boundary configurations detailed by Zhang et al. [2011] . These scenarios covered the full range of the alongshore currents measured at S1 (with maximum magnitude of 0.1 m s À1 at $10 m depth). A more detailed simulation of the real time-varying alongshore currents offshore of the study site would have required nesting this nearshore model within a larger regional ocean circulation model, a task far beyond the scope of the present study. However, we will show that the influence of the alongshore current on the reeflagoon circulation (and hence the biogeochemical processes) was of secondary importance compared to wave forcing. Time-varying, spatially uniform wind stresses were applied to the model providing both an input of surface momentum and source of turbulent kinetic energy. To simulate tidal forcing, we used OTIS (OTIS tidal prediction software) [Egbert et al., 1994] to extract the first eight tidal harmonic constituents (M2, S2, N2, K2, K1, O1, P1 and Q1) from the OTIS Indian Ocean Tidal Solution (http://volkov.oce.orst. edu/tides/IO.html) and mapped them onto the ROMS input grid. All model simulations were conducted in parallel using Message Passing Interface (MPI) on a supercomputer (NCI National Facility; http://nci.org.au/) using up to 128 processors.
[15] To quantitatively compare the performance of the hydrodynamic simulations, we defined the model skill [Lowe et al., 2009; Warner et al., 2005] and the model bias as, respectively,
where ⇀ X model and ⇀ X obs indicate the simulated and measured current vectors respectively.
[16] Water residence time can be defined in many different ways depending on the numerical or experimental techniques used [Jouon et al., 2006] . In our study, we initialized the entire Coral Bay domain with a conservative (passive) numerical tracer with a unit concentration equal to 1. We define residence time at each location to be the time it takes for the tracer concentration at the location to decline to a value equal to e À1 ($0.37) of the initial concentration (see residence time definition given by Jouon et al. [2006] ).
[17] Changes in TA throughout the model domain were determined by the rates of net calcification which were, in turn linearly dependent on diurnal changes in light. The measured net community calcification rate by coral reef organisms (g net ) was dependent on the downwelling planar PAR irradiance reaching the benthos (E d in mmol quanta m À2 s À1 ) according to the following linear relationship:
where a and b are empirical constants derived from the field data (see section 3.1). Although light is not the only variable influencing rates of calcification, diurnal variations in g net have been shown to be highly correlated with light for [Barnes and Devereux, 1984; Boucher et al., 1998; Gattuso et al., 1996] . Although seasonal fluctuation in temperature can drive seasonal changes in calcification [Jokiel and Coles, 1977; Marshall and Clode, 2004] , water temperature varied by just AE0.5 C (AEstd. dev.) in both space and time over the duration of the study (10 days). Therefore, we have neglected the influence of variation in temperature for the present study. Also, saturation state has much less influence on diurnal variations in calcification than does light-driven changes in photosynthesis [Chauvin et al., 2011] . Furthermore, for the purposes of the present study, we are not proposing a universal model of calcification for all reef systems under any physical and chemical conditions. Instead, we are using natural variations in light as a proxy variable to simulate realistic diurnal variations in g net for this particular domain during the period of study [see Gattuso et al., 1996] .
[18] Net community calcification is defined as the difference between gross calcification and dissolution; the former being driven mainly by the growth of coral and algae, while the latter is driven primarily by bioeroders [Glynn, 1997] . We assumed that dissolution was constant (at least on the time-scales of days) and that g net ≈ 0 during the night given that nighttime measurements of g net were not available. The literature indicates that while rates of nightime community net calcification are not exactly zero, they are generally small; just À3 to 3 mmol CaCO 3 m À2 hr À1 [Barnes and Devereux, 1984; Gattuso et al., 1996; Kraines et al., 1997; Smith, 1973 Smith, , 1981 . The measured PAR during the experimental period in Coral Bay was directly used as E d in the hindcast simulations, whereas the empirical diurnally varying E d used in the idealized simulations was determined by fitting a sinusoidal curve to the measured light data according to
where t denotes the time of day in hours and the day length was 11 h during the time of year of this study.
[19] We chose to model the depth-dependency of calcification rates based on the work of Mass et al. [2007] who found that rates of calcification were the same for the upper 10 m in both winter and summer, but then decreased with depth at a rate roughly proportional to exp[À0.02(h À 10)]. They also found that light in their reef system decreased exponentially from the surface with a depth-attenuation coefficient for downwelling scalar PAR equal to 0.05 m À1 . Assuming an average ratio of planar to scalar downwelling PAR irradiance of around 0.9 [Kirk, 1994] , this translated into a depth-attenuation coefficient for downwelling planar light (k d ) of 0.045 m À1 . Thus from the observations by Mass et al. [2007] , calcification rates were constant to a depth h 0 that was roughly one-half the optical depth or h 0 = 0.5/k d . Below h 0 , rates of calcification decreased exponentially at a constant rate roughly proportional to À0.4k d . Therefore, we modeled the depth-dependency of calcification rates as
[20] We have thus formulated the functional dependency of net calcification on depth (equation (6)) separately from its dependency on diurnal variations in light (equation (4)). We chose this approach in order to separate depth-dependent changes in calcification rates due to photo-acclimation from the diurnal variations in calcification rates normally observed in reef communities. The Mass et al. [2007] data set is based solely on measurements of Stylophora pistillata and it is not clear how much this particular coral species represents the depth-dependent behavior of reef community calcification in general. However, the scaling of depthdependent attenuation in g net provided in equation (6) is consistent with the known depth-dependent limits to reef accretion ($50 m) [Grigg, 2006] . Regardless, DTA within Coral Bay was found to be largely insensitive to the depth dependency of g net . A preliminary simulation showed that assuming a depth-independent g net (E d , h) = g net (E d ) everywhere can only cause a negligible increase (<3 meq kg À1 ) in DTA within the entire domain.
[21] To simulate the combined effects of circulation and calcification on TA we prescribed a reactive tracer and defined the bottom flux to be equal to twice the calcification rate defined by equations (4) and (6). The deviation in total alkalinity (DTA) was defined as the difference between the TA at a given site within the Coral Bay system and the TA at a reference site located on the fore reef (S1, Figure 1b) . We initialized the whole simulation domain with DTA = 0 and set the boundary fluxes of TA to be 0. Finally the combination of a benthic habitat map (provided by Department of Environment and Conservation, Western Australia) and a high resolution aerial photograph were used to estimate the regions within the study area occupied by actively calcifying communities. The habitat map included the following species: intertidal or shallow coral reef communities (type 1), subtidal coral reef communities (type 2), subtidal reef lowrelief (type 3), shoreline reef (type 4), macroalgae (type 5), and other species (mangrove, mudflat, pelagic, salt marsh, sand and bare reef; type 0). The areas covered by coral reef communities (Type 1 through 4) were identified as regions with actively calcifying communities; whereas areas occupied by other communities (Type 0 and 5) were outlined as regions with no calcification. For simplicity, values of 0 or 1 were applied to this active calcification map, which either turned calcification on (1) or off (0) in specific areas within the domain.
Results
Field Measurements
[22] During the field experiment we were able to observe the hydrodynamic response of Coral Bay to a wide range of incident significant wave heights: from roughly 1 to 5 m (Figures 2a and 2b) . Alongshore currents measured outside the reef at S1 ranged from À0.1 to 0.1 m s À1 (note that positive values indicate alongshore currents flowing toward the north in Figure 2c ). Wind speeds ranged from 0 to 10 m s À1 (Figure 2d ) and wind directions were primarily from the southeast to southwest (Figure 2e ). The observed tidal range was generally less than AE0.7 m and wellpredicted by the OTIS tide model (Figure 2f ). The irradiance E d (Figure 2g ) at 1.5 m depth (at S2) reached maximum mid-day values of between 1000 and 1100 mmol quanta m À2 s À1 depending on the phase of the tide at solar zenith. E d measured at 9 m depth (at S1) ranged from 0 to mid-day maxima of around 400 mmol quanta m À2 s À1 . Based on the ratio of E d between the two different depths, we calculated a depth-dependent light attenuation coefficient (k d ) normally around 0.14 m À1 but reached as high as 0.25 m À1 when wave heights on the fore reef were highest (Figure 2h ). This was likely due to the increased suspension of sediments on the fore reef and hence increased attenuation.
[23] The time-averaged current vectors (time-averaged over the 10-day field study; Figure 3a) revealed that water flowed dominantly across the shallow reef flat (S2), entered the lagoon, and then returned to the ocean through the lagoon channels (e.g., S6). The major axes of the current variance ellipses were also aligned with the time-averaged current vectors (Figures 3a and 3b ). This flow pattern was driven by wave-breaking on the reef as confirmed by the strong linear dependency of the current speeds with the offshore significant wave height (at S1, Figure 3c ).
[24] Observed DTA decreased with increasing offshore wave heights but increased with distance from the reef crest in conjunction with the natural pattern of wave-driven circulation within the bay (Figure 4 ). DTA at each station increased linearly with H s À1 , given that DTA increases linearly with t R (equation (1)), with t R being inversely proportional to the incident wave height (i.e., increasing as H s À1 ) [e.g., Coronado et al., 2007] . Salinity was effectively constant throughout the duration of the study (35.21 AE 0.06; mean AE std. dev.), thus any changes in TA caused by variations in salinity were negligible (<4 meq kg À1 ) given the limited residence time of waters in the bay ($hours, see below) and the range of DTA observed ($10 to 200 meq kg À1 ). Water temperatures were also relatively constant throughout the bay (23.4 AE 0.5 C; mean AE std. dev.) over the duration of the study.
[25] Net calcification rates on the reef flat reached maximum values of between 18 and 20 mmol m À2 hr À1 at mid-day, and were positively correlated with diurnal changes in light ((r 2 = 0.49, n = 12, Figure 5 ). These rates are very similar to calcification rates measured across a Ningaloo reef flat community at Sandy Bay $100 km to the north [Falter et al., 2012] . Based on the estimated k d of 0.14 m À1 (Figure 2h) , we estimated h 0 to be $4 m and therefore the e-folding scale of decreasing g net to be (0.4k d ) À1 or 18 m (see equation (6)). Examination of the benthic habitat maps indicated that the reef crest and reef flat regions were areas occupied by actively calcifying communities whereas lagoon areas were covered with a patchwork of some actively calcifying benthos as well as some non-calcifying sand patches (Figure 6 ).
Hindcast Simulations
[26] Hindcast simulations of waves, tides, currents, and net calcification throughout Coral Bay were run from 12:00 P.M. 4 July to 12:00 P.M. 12 July 2010 for three alongshore current scenarios (see Table 3 ). The simulated significant wave heights (H s ) showed excellent agreement with our measurements, indicating that the correct wave forcing was being applied to the offshore SWAN open boundaries (Figure 7a ). Currents time series simulated on the reef flat (S2) for all three alongshore current scenarios (Hind-1-Hind-3) followed very similar trends to the measured currents (Figures 7b and 8) , were highly correlated (0.88-0.89, Table 4 ), and demonstrated relatively high model skill (0.67-0.68, Table 4 ).
[27] The major difference between the modeled and observed currents at S2 was in the amplitude of the predicted current: the variability in the model was $40% lower than what we observed (Figure 8 ). It is likely that the underprediction of current amplitudes at S2 was partially due to subgrid-scale variation in local reef bathymetry. Given the shallow depth of the reef flat and the lagoon just shoreward of the reef flat, even minor variations in real bathymetry could result in substantial variations in current speed (assuming that the volume flow rate was locally conserved). At S2, the simulated flow speed in this area was found to be very sensitive to the location on the reef flat due to the spatial structure of the simulated flow field as a function of proximity to the eastern channel [Lowe et al., 2009] . For example, if the reef flat model observation point was moved just two grid cells to the west (i.e., 100 m), there would have been excellent agreement between simulated and observed currents (Figure 7b ). We note that the simulations gave current values spatially averaged and smoothed on the scale of the 50 m grid cell, whereas the measured current gave the local value measured at the scale of $1 m. Thus the observed value at S2 could deviate substantially from the spatially averaged value given its location in such high spatial gradients of current speed. To properly resolve this spatial variability in current would require a grid resolution on the order of meters, which is not feasible for numerical modeling in a domain of this size at present.
[28] Simulated currents in the northern channel (S6) showed exceptional agreement with the recorded data, both in the time series profile and in the magnitude (Figures 7c  and 8 ). The predicted current at S6 had both high values of model skill (0.82-0.92) and high correlation (0.95-0.96), as well as low values of bias (0.07-0.19 m s À1 ). The scenario with a southward alongshore current (Hind-1) displayed the best agreement with the measured currents ( Figure 7c and Table 4 ), which made sense given that the southward flowing Leeuwin Current is the strongest in winter when this study was conducted [Woo et al., 2006] . As a result, we decided that Hind-1 would be the focus of subsequent coupled physical-biogeochemical hindcast simulations. Finally, turning off the wind in the hindcast simulations only changed the simulated currents by less than 15% (results not shown); winds, therefore, did not contribute significantly to the overall reef-lagoon circulation.
[29] Hindcast simulations of DTA using the observed wave, tide and wind-forcing (Hind-1) agreed well with the observed DTA throughout the bay as indicated by the high model skill (0.85) and correlation (0.77, Figure 9 ). The magnitude of the simulated DTA also agreed well with the DTA measured for all three stations (S3, S4 and S5). There was only one abnormal data point showing that the simulated DTA was equal to 200 meq kg À1 , twice as high as the corresponding measured DTA (allowed to be off the scale in Figure 9 ) at noon on 7 July. This discrepancy will be further discussed in section 4.
[30] The diurnal and spatial variation of DTA for the whole simulation domain is illustrated in Movie S1.
1 DTA on the back reef flat and in the seaward lagoon areas displayed diurnal variations similar to that of light and net calcification rates, albeit with roughly 2-to 10-h time lags (i.e., reaching maxima between 2 and 10 P.M., depending on location). However, DTA within the shoreward areas of the lagoon reached their respective maxima $2 days into the simulation reflecting the impact of net calcification accumulating over the much longer residence times in these regions within the domain (see the following section). In reef-lagoon systems with wide open channels (such as Bateman Bay in the North), the renewal of new ocean water occurred on a daily basis; whereas in reef-lagoon systems with more enclosed morphologies and narrow channels (such as Coral Bay), water within the lagoon was trapped over several days when wave heights were less than 2 m, resulting in increasingly higher DTA (as can be observed in Coral Bay between 4 and 8 Jul). However, as wave heights began to exceed 3 m around mid-day on 9 Jul, the high residual DTA water that had built up within the Coral Bay lagoon was flushed out almost completely through the Northern Channel. This vigorous flushing was able to remove most but not all of the water with high DTA adjacent to the lagoon shore.
Idealized Simulations of Residence Times and Total Alkalinities
[31] Following validation of the combined hydrodynamicbiogeochemical model via the hindcast simulations, we next ran idealized simulations to investigate the sensitivity of simulated t R and DTA within Coral Bay to specific hydrodynamic forcing variables, as well as to the spatial coverage of actively calcifying benthic communities. A default simulation (Ideal-0) was first set up with (1) an incident wave height of H s = 2 m (at S1), (2) a southward alongshore current (0.1 m s À1 at 10 m depth), and (3) the benthic calcification map shown in Figure 6a . Simulations Ideal-0 through Ideal-3 examined the influence of changes in the offshore wave heights, while simulations Ideal-4 and Ideal-5 examined the influence of the magnitude and direction of the offshore alongshore current (Table 3) . Simulation Ideal-6 investigated the response to the spatial distribution of actively calcifying benthos by assuming calcification was occurring everywhere. Finally, simulations Ideal-7 and Ideal-8 separately investigated the role of an idealized tide, by applying the dominant M2 (semi-diurnal) constituent with amplitude equal to the root mean square of the measured tidal variation in sea surface elevation at Coral Bay (0.4 m). To assess the influence of tidal phase on the flushing of the tracer from Coral Bay, we ran one simulation with the tide initialized at peak ebb and the other with the tide initialized at peak flood (Ideal-7 and Ideal-8). All idealized simulations were run for 6 days, after which all stations reached a quasi-equilibrium.; the only exceptions being the tidal simulations due to the natural variation of the tide signals over weeks to months.
[32] The Coral Bay domain highlighted in red in Figure 10a was initialized with a numerical conservative tracer of unit concentration. Figures 10b-10d shows the evolution of conservative tracer concentration at different sites within Coral Bay for the Ideal-0 simulation as an example. The total amount of conservative tracer inside the bay decreased with time as tracer-rich water within the bay was progressively replenished with tracer-free water flowing in from the adjacent ocean (Figure 10 ). In all simulations, the mean wave-driven currents transported the tracer across the reef flat and into the lagoon, which then exited from both the northern channel and False Passage. For the Figure 9 . Comparison between the measured and simulated DTA (from Hind-1). The regression line (solid line) is y = 0.89x + 9.1 (r 2 = 0.6, n = 11) with 90% confidence level (shaded area); the dashed line represents 1:1 relationship. The error bars for DTA are too small to be visible for the scale of this plot. default conditions in Ideal-0, t R increased from a few hours at the entrance of reef flat to 70 h ($3 days) in the most isolated parts of the lagoon (Figure 11 ). There were unexpectedly long residence times calculated near the exit of the False Passage due to the formation of a gyre that retained the tracer at the channel mouth (Figures 10d and 11 ). This gyre grew in response to the constant forcing condition applied in the simulation and was not observed in any of the hindcast simulations which used realistic, time-varying forcing.
[33] Simulated residence times for sites S3, S4 and S5 were plotted against significant wave heights for all idealized simulations (Figure 12 ). The residence time at S4 calculated for H s = 1 m wave forcing was ignored given that the station was located in a stagnant zone where the southward alongshore current almost exactly balanced the northward wave-driven flow in the lagoon (as discussed above), thus causing an unusual retention of the conservative tracer at this particular north-south position (not shown). This stagnant zone persisted in the simulation mainly due to the idealized forcing assumed for the simulation, reducing the amount of dispersion that would normally occur under more natural, time-variant forcing. Nonetheless, at each individual station there was a clear trend of decreasing residence time with increasing significant wave height (Figure 12 ). In addition, for each constant wave height condition, the residence times decreased with the proximity of the station to the reef crest. Adding tides with varying initial phases (Ideal-7 and Ideal-8) only changed calculated residence time by 10%, confirming that the hydrodynamics of the system were almost entirely wave-driven (Figure 12) .
[34] The spatial distribution of DTA at four evenly spaced phases of day for Ideal-0 is shown in Figure 13 . At midnight, there were high values of DTA in the lagoon area ($100 meq kg À1 ) where the residence time was greater than 1 day, but low values of DTA in the reef flat area due to the cessation of net calcification (<10 meq kg À1 ). Between midnight and sunrise, DTA within the whole domain kept declining due to the constant advection of fresh, unaltered water from offshore into Coral Bay. Between 6:00 and 12:00, DTA within the reef flat and the shallow lagoon area started to increase in accordance with diurnally increasing rates of calcification, whereas DTA within the deeper lagoon area kept decreasing due to the continued advection of the low DTA pulse through this more isolated part of the system. At 18:00, DTA increased throughout Coral Bay due to the dominant cumulative effect of net calcification over the course of the day.
[35] The time series of simulated DTA from Ideal-0 exhibited quasi-sinusoidal diurnal cycles that slowly approached equilibrium after 3 days (Figure 14) . The daily mean value and the amplitude of the diurnal curves both increased with the distance between each station and the reef crest, with only a modest phase difference between the stations. The DTA time series generated by all calcification simulations followed a similar pattern, but with diurnal amplitudes that were wave-dependent. From this set of simulations we obtained the following results. First, as expected, DTA and residence time were highly correlated (r 2 = 0.83 in Figure 15 ). Due to the difference in the periods of the diurnal rhythms (24 h) and M2 tidal constituent (12.4 h), DTA simulated by Ideal-7 and Ideal-8 never reached a true equilibrium and were thus not plotted in Figure 15 . However, given that the influence of tides on residence time was small ($10%), we would expect that the influence of tides on DTA would also be small ($10%) in terms of the long-term average. Second, due to the close relationship between residence time and H s (Figure 12 ), the simulated DTA shows a prominent decreasing trend with increasing significant wave height which is similar to that of the simulated residence time (Figure 16 ). There was only one exception to this trend: simulated DTA at station S3 was slightly greater than at station S4 even though the residence time was higher at S4 than S3 under the same wave forcing. This was solely due to the phase difference in diurnal DTA oscillations between S3 and S4 and did not contradict the general simulation results of greater DTA corresponding with longer water residence times. Third, changing the direction of the alongshore current from south to north caused t R to decrease by 50% (Ideal-4 and Ideal-5), but caused DTA to increase by only 25%. So even though the alongshore currents seem to have a moderate influence on t R , their impact on DTA remains secondary compared to the effect of offshore wave heights. Finally, covering the entire domain with actively calcifying benthos increased DTA by just 10% on the seaward side of the lagoon (S3) but by 130% in the back of lagoon (S5).
Discussion
[36] We found that waves were the dominant forcing variable driving circulation within the Coral Bay reef-lagoon system, results consistent with prior observations of other coastal reef-lagoon systems [Hench et al., 2008; Lowe et al., 2009; Taebi et al., 2011] . We also found that rates of net calcification on the reef flat were positively correlated with diurnal changes in light consistent with in situ observations made in other reef communities [Barnes and Devereux, 1984; Boucher et al., 1998; Gattuso et al., 1996] . Furthermore, we estimated the average daily integrated rate of net community calcification over the study period to be 130 mmol CaCO 3 m À2 d À1 from applying the regression in Figure 5 to our record of diurnal light, assuming rates of nighttime net calcification were small ($0 mmol CaCO 3 m À2 d À1 ), and averaging over time. This is equal to the average daily net calcification of 130 mmol CaCO 3 m À2 d
À1
for Indo-Pacific reefs reported by Atkinson and Falter [2003] . Thus, both circulation and net calcification in Coral Bay appears to behave in a manner very similar to what has been observed in other Indo-Pacific systems. The modest correlation between net calcification and light within the control volume (r 2 = 0.49) is mostly due to the uncertainty in deriving net calcification rates from changes in TA across just 150 m of reef flat given average currents of around 0.2 m s À1 [Falter et al., 2008] ; a constraint set by the limited width of the reef flat at Coral Bay and the prevailing hydrodynamic conditions. Thus, variations in light can explain 50% of the total variance in net calcification rates while error in the calculated rates alone can explain another 30% of the total variance manifest as random scatter. Regardless, the primary purpose of relating net calcification rates to light was to simply create realistic diurnal variations in net calcification. That the hindcast simulations were able to predict the spatial and temporal variation of DTA under conditions of real forcing by waves, alongshore currents, tides, and winds with good agreement supports our simulation of diurnally varying net community calcification within this system during the study period.
[37] Assuming that net calcification was active everywhere within the system caused substantial deviations in simulated DTA. For our sampling sites, this error ranged from just 10% at S3 to around 130% at S5 (Ideal-6 in Figure 16 ). The higher the residence time at a given location, the greater the error in DTA (Figure 17) . The over-prediction Figure 12 . Sensitivity of water residence times to offshore significant wave heights (H s ) at station S3 (blue), S4 (red), and S5 (green) given a constant southward alongshore current of 0.1 m s À1 ('waves': Ideal-0 through Ideal-3), no alongshore current ('zero U off ': Ideal-4), and a northward alongshore current of 0.1 m s À1 ('north U off ': Ideal-5). See Table 3 for further details on additional simulation parameters. Dashed lines represent the best fit parameters of the function y = ax À1 + b for the 'waves' simulations (Ideal-0 through Ideal-3): a = 3.5 and b = 1.4 for S3; a = 14.1 and b = 0.5 for S4; and a = 50.0 and b = 1.7 for S5. The upper and lower ranges of simulated DTA for a 2-m offshore wave height and southward alongshore current under different initial tidal phases are provided by the black bars.
of DTA in Bateman Bay to the north was mostly the result of activating calcification inside areas known to be sand patches within the inner lagoon in Coral Bay. The cumulative effect of increased calcification in conjunction with long residence times ($1 to 3 days) in the inner lagoon of Coral Bay resulted in waters with much higher DTA which then leaked into Bateman Bay through the northern channel. These results emphasize the importance of including benthic community composition in modeling important reactive biogeochemical compounds like DTA. In this study, we applied binary values (0 or 1) thus dividing the benthos into coral dominated communities similar to the reef and metabolically inactive regions. In reality, percent cover of actively calcifying organisms can occur on a continuum between 0 and 100%. We expect that a more detailed benthic calcification map could potentially reduce the uncertainty in the simulation results due to benthic bottom composition and metabolism. Uncertainty in our spatial distribution of calcification rates could have partly explained the overestimation of DTA by the simulation in the longer-residence time areas within the inner lagoon. Nonetheless, our hindcast simulation using the benthic habitat map provided still performed well in predicting DTA across the bay under a wide range of wave conditions. Figure 13 . Snapshots of the spatial distribution of DTA within Coral Bay at (a) 0:00, (b) 6:00, (c) 12:00, and (d) 18:00 after the simulation reached equilibrium for Ideal-0. Velocity field is plotted in white overlaying the DTA map only in Figure 13a , as it remains constant once the simulation reaches equilibrium. In all plots, the black dots indicate the locations of S3, S4 and S5 (left to right), respectively. The black contour lines denote the 4 m isobaths.
[38] Our simulations yielded other unexpected behavior as well. Although a northward alongshore current reduced the residence time at S5, it also helped drive the flux of low TA waters from the south of the Coral Bay, which caused DTA at S5 to be higher than in simulations imposing a southward offshore current (Figure 16 ). Ignoring this southern influx of low TA water and using DTA and residence time measured at S5 alone to calculate a net calcification rate would then result in large error (>50%). This demonstrated one fundamental limitation of using the traditional residence time approach to estimate system-scale chemical fluxes in either field or numerical studies (equation (1)): it requires that there is only one reference source of water whose composition is homogeneous and quasi-stationary. Fortunately, our own observational data along with other studies reported in the literature indicate that flow offshore during winter is predominantly southward [Godfrey and Ridgway, 1985; Lowe et al., 2012; Thompson, 1984] .
[39] Although the predicted DTA at S3, S4 and S5 showed good agreement with the measured DTA at these stations, there was one data point overestimating DTA for station S5 under conditions of both unusually low wave height ($1 m) and high light ($1100 quanta m À2 s À1 ). This ('waves': Ideal-0 through Ideal-3), no alongshore current ('zero U off ': Ideal-4), a northward alongshore current of 0.1 m s À1 ('north U off ': Ideal-5), and a constant southward alongshore current of 0.1 m s À1 but with net calcification active everywhere in the domain ('no mask': Ideal-6). See Table 3 for further details on additional simulation parameters. Dashed lines represent the best fit parameters of the function y = ax À1 + b for the 'waves' simulations (Ideal-0 through Ideal-3): a = 37.4 and b = À3.9 for S3; a = 18.0 and b = 3.3 for S4; and a = 159 and b = À20.2 for S5. overestimation of DTA (roughly twice as much as the measured DTA) can be explained by the high spatial gradients for residence time within the inner lagoon (Figure 11) . Thus, even a small deviation in the observation point would result in a large change in residence time and observed or simulated DTA. In addition, the correspondingly shallow, actively calcifying communities in this part of Coral Bay (Figure 1) would further amplify the influence of local rates of calcification on changes in DTA at this site (DTA ∝ t/h, equation (1)). We suspect that in reality there could have been greater horizontal dispersion in this area than predicted by our model. Thus, the real spatial gradients in DTA would be weaker than our model would predict.
Conclusions and Future Work
[40] The idealized model simulations showed that residence time within Coral Bay varied strongly as a function of two important factors: (1) hydrodynamic forcing (mainly due to wave forcing) and (2) location within the bay. Specifically, residence time decreased with increasing significant wave height for the same location ( Figure 12) ; and residence time increased from a few hours on the reef flat to a few days in more isolated parts in the lagoon for the same significant wave height (Figure 11 ). Residence time was also sensitive to the direction of the alongshore current. A northward alongshore current enhanced the generally northward wave-driven circulation and thus reduced overall residence times across the system; whereas a southward alongshore current opposed the general wave-driven circulation pattern and thus increased residence times (Figure 12 ). Much like residence times, simulated DTA also depended strongly on the incident wave forcing and location within the system; however, it was further dependent on the time of day as a result of diurnally varying net calcification rates. Despite this additional complexity, simulated DTA generated in the realistic hindcast showed good agreement with field observations. Our model also captured the observed relationship between DTA and significant wave height at each station (Figures 4 and 16) . Finally, while longer residence times generally resulted in greater DTA, there were still certain conditions when this was not the case (Figure 14) .
[41] The primary goal of the present study was to determine whether we could simulate the spatial and temporal variations in total alkalinity within a real reef system, and to test the sensitivity of the model to select forcing by various physical and biogeochemical variables. Future model developments could include better resolution of net calcification rates at night, even if nighttime rates are just a small fraction of daytime rates as well as the potential effects of changing temperature and water chemistry (e.g., aragonite saturation state) on seasonal or longer time scales. The ultimate goal of this work, however, is not to simply make predictions of total alkalinity within reef systems but rather to develop inverse models from which in situ rates of net calcification (or production, nutrient fluxes, particle fluxes, etc.) can be derived from in situ measurements of water chemistry and modeled circulation. While this longer-term goal is beyond the scope of the present study, our results clearly demonstrate that spatial and temporal changes in water chemistry are strongly dependent on hydrodynamic forcing and reef system morphology as well as on benthic metabolism. At present, the complexity of many natural reef systems make the proper interpretation of observed geochemical time series difficult at best and impossible at worst. We believe this work will be particularly informative to future efforts aimed at monitoring long-term changes in carbonate chemistry and net calcification within real reef systems. 
Notation
